We present an upper bound on the branching fraction of the Higgs boson to invisible particles, by recasting a CMS search for stop quarks decaying to tt + E miss T . The observed (expected) bound, BF(H →inv.) < 0.40(0.65) at 95% CL, is the strongest direct limit to date, benefiting from a downward fluctuation in the CMS data in that channel. In addition, we combine this new constraint with existing published constraints to give an observed (expected) bound of BF(H →inv.) < 0.40(0.40) at 95% CL, and show some of the implications for theories of dark matter which communicate through the Higgs portal.
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PACS numbers:
The particle nature of dark matter stands as one of the most pressing open questions in modern physics. The discovery of the Higgs boson [1, 2] creates a new opportunity to probe this question. Despite the accumulation of evidence which suggests the Higgs boson has Standard Model (SM) properties, decays of the Higgs directly into dark matter with order one probabilities remain consistent with experimental measurements.
Interactions between the Higgs boson and dark matter particles exist in a broad set of theories of physics beyond the standard model, including supersymmetric extensions in which Higgs bosons decay to neutralinos [3] , models in which the Higgs boson mediates an interaction between dark matter particles and SM particles [4] [5] [6] [7] , models of graviscalars [8] and models where the Higgs boson plays an important role in the early Universe [9] .
Direct experimental searches for invisible decays constrain the invisible branching fraction. The LEP experiments placed constraints for Higgs bosons below m H = 118 GeV [10] , and indirect constraints are available from studies of the visible decay modes [11] . The ATLAS experiment searched for V h → jj + E miss T , V = W, Z [12] , see Fig 1a. Stronger limits come from the ATLAS Zh → + E miss T mode, giving BF(H → inv.) < 0.75 at 95% CL [13] . The strongest limits currently come from CMS, which uses the Zh → + E miss T , Zh → bb + E miss T and vector-boson-fusion mode qqH → jj +E miss T (Fig 1b) to achieve a constraint of BF(H → inv.) < 0.58 at 95% CL [14] .
In this Letter, we report the first experimental limits using the ttH production mode. The final state of tt + E miss T has been studied by CMS in the context of a search for supersymmetric top quarks (t → bW +E miss T ) [15] ; we demonstrate that this data provides powerful bounds on the invisible Higgs boson branching fraction. In addition, we combine all available direct experimental results into a global LHC result.
The CMS analysis searches for botht → tχ requiring that events have exactly one electron or muon, at least three jets (at least one of which is b-tagged), and M T > 120 GeV. Each of the two searches is divided into low-∆M (≡ mt − mχ0 ) and high-∆M categories, which are further subdivided into four E We apply the results of the CMSt search to invisible Higgs boson decays by calculating the expected yield of ttH in each of the signal regions. We generate simulated samples with Madgraph5 [17] , perform showering and hadronization with Pythia [18] and simulate the CMS detector response using Delphes [19] , with additional 20% relative smearing of the E miss T to account for multiple interactions. We validate our calculations by reproducing the predicted yields for the two dominant backgrounds, SM tt → νbqq b and SM tt → νb νb, in each of the signal regions. Distributions of reconstructed quantities for an example signal sample and tt backgrounds are shown in Fig 2. Note that the M W T 2 distribution demonstrates significant power in discriminating between SM tt and ttH.
We calculate upper bounds on σ(ttH) × BF (H →inv.) using a one-sided profile likelihood and the CLs technique [20, 21] , evaluated using the asymptotic approximation [22] . For each of the sixteen signal regions, we calculate the median expected limit on σ(ttH) × In this particular signal region, the data have fluctuated quite low, N obs = 3 events, giving an observed upper bound considerably stronger than the median expected results, see Fig 3. Dividing by the predicted rate of ttH production in the SM [23] gives a limit on BF(H → inv); the observed (expected) result is < 0.40 (0.65) at 95% CL for m H = 125 GeV.
We combine all current published results to calculate the global limit from direct searches; a summary of the datasets are given in Table I . We treat each channel as a simple counting experiment from the total signal yields reported, as per-bin estimates and uncertainties are not provided. We divide the uncertainties into categories which are correlated or uncorrelated across channels. Assumptions about the fraction of correlated versus uncorrelated uncertainties has a minor (< 5% relative) effect on the observed limit.
We attempt to reproduce the results quoted by the experiments in each channel, see Table II . In channels where multiple bins have been used, not enough information has been provided to reproduce the results. Our treatment, which groups all of the bins together, suffers from some degradation of statistical power as expected. However, even in cases where the experimental result is done with a single bin, for example the CMS vector-boson-fusion qqH which is the most powerful single channel other than ttH, we are not able to exactly reproduce the results quoted in the paper, even when assumptions regarding the correlations of systematic uncertainties are varied. As the ttH channel is the strongest result, these discrepancies have essentially no impact on the final result.
The final combination yields an observed (expected) result of BF(H → inv.) < 0.40 (0.40) at 95% CL for m H = 125 GeV.
If the primary interaction of dark matter with the SM is via the Higgs boson (the "Higgs Portal" [24] ), the bound on invisible decays of the Higgs boson can be translated directly into the properties of dark matter such as its elastic scattering with nuclei [4] [5] [6] . The bound on the partial width into invisible states implies an upper bound on the Higgs boson coupling to dark matter, TABLE I: Summary of datasets used in combined limits. The expected backgrounds, uncertainties and observed yields are taken from the experimental results. The expected signal yields are quoted for σ(mH = 125), BF(H →inv.) = 1.0. In all cases other than ttH expected signal yields are taken from the experimental results; for ttH, it is due to our calculation in simulated samples.
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Mode Dataset Background Obs. Signal ATLAS [13] Zh → + E and thus the scattering cross section. In Figure 4 , we show the translation of the bound BF (H → inv.) < 0.40 onto the spin-independent scattering cross section with nucleons (σ SI ). The translation relies on the matrix elements q m= 0.33
−0.7 m N , as determined by lattice QCD [25] ; solid lines correspond to the central value, and the dashed lines show the envelope within these uncertainties. Also shown for comparison are the current limits on σ SI from the LUX [26] and Xenon-10 [27] experiments. The comparison shows the familiar behavior where high energy searches very effectively probe low [13] Zh → + E miss T
(0.81) CMS [14]
Zh → + E miss T
(1.19) CMS [14]
Zh → bb + E miss T 3.15 (2.69) CMS [14] qqH → jj + E miss T 0.76 (0.57) CMS recast [15] ttH → 1 4j + E miss T 0.40 (0.65) CMS [14, 15] qqH + ttH 0.45 (0.47) All [13, 14] All but ttH 0.63 (0.46) All [13] [14] [15] All 0.40 (0.40) dark matter masses, whereas the direct searches are more effective for larger mass dark matter [28] [29] [30] , particularly for M DM > m H /2, where on-shell Higgs bosons are too light to decay into dark matter. To summarize, we report the first limit on invisible Higgs boson decays in the ttH production mode, which currently yields the strongest individual limit. In addition, we provide a combination of all available experimental limits and show the implications for theories where dark matter interacts with the SM primarily via the Higgs boson.
